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High Energy Products in Exchange-Coupled Nanocomposite Films 
J.P. Liu, Y. Liu, R. Skomski, and D.J. Sellmyer 
Center for Materials Research and Analysis, 
University of Nebraska, Lincoln, NE 68588-01 13, U.S A 
Abstract- Several systems of nanocomposite thin films 
have been prepared by plasma sputtering and heat treatment. 
By choosing suitable multilayer structures of the as-deposited 
films and subsequent heat-treatment processes, the 
nanostrnctures of the films have been tailored. The thermal 
processing is the key to control the morphology. Appropriate 
heat-treatment processes have been found for the systems 
studied, which result in the desired nanostructures. For the first 
time a nearly ideal nanostructure with the soft-phase grains 
embedded homogeneously in the hard phase gralns has been 
obtained for the FePt-Fei.,Pt,(x-0.3) system. Effective intergrain 
exchange coupling has been realized. As a consequence, high 
energy products up to 50 MGOe have been achieved. 
Index Terms-exchange coupling, heat treatment, 
permanent magnets, thin films. 
I. INTRODUCTION 
Since the discovery of experimental evidence for 
intergrain exchange coupling between magnetically bard 
phase and soft phase [l], many experimental investigations 
have been done with the purpose of obtaining higher energy 
products [2-61. Theoretical works [7-lo] have predicted very 
high energy products of the exchange-coupled 
nanocomposite magnets. However, experimental attempts by 
mechanical alloying and rapid quenching have resulted in 
energy products only up to about 20 MGOe. This is because 
these methods have the technical difficulty in controlling the 
nanostructures, especially the grain size and the texture. 
This difficulty stimulated us to try to realize the ideal 
nanostructure and therefore better intergrain exchange 
coupling by preparing the nanocomposite materials by 
sputtering and subsequent heat treatment. In the past three 
years we have successfully prepared several model systems 
of the hard-soft phase nanocomposites with required 
homogenous nanostructures by plasma sputtering and heat 
treatments. The systems produced and studied include FePt- 
Fei.,Pt,(x-0.3), PrCo, &o, and SmCo,-Co (x = 3, 3.5, 4, 5 
and 8) (we use the notations like PrCo-CO to represent the 
composites after annealing and the notations like PrCoiCo to 
represent the as-deposited multilayers). In this paper we will 
present selected experimental results that illustrate theoretical 
concepts and experimental challenge in designing excellent 
exchange-coupled permanent magnets. 
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11. EXPERIMENT 
The production of the nanocomposite films started with 
the deposition of multilayers in a multiplergun DC- and RF- 
plasma sputtering system. Targets were commercial products 
or homemade by sintering powdered materials. Purities of all 
the target materials were higher than 99.9 at.%. Glass or 
silicon substrates were used in this investigation. The 
substrates were attached to a rotating table that was cooled by 
water during sputtering. The base pressure in the chamber 
was 2x10.’ Torr. Flowing high-purity argon gas was used for 
sputtering and the pressures were varied from 5 to 30 mTorr. 
For the PrCo,.,-Co and SmCo,-CO (x = 3, 3.5, 4, 5 and 8) 
systems, Cr underlayers with thickness from 50 to 70 nm and 
coverlayers with thickness 10 nm were deposited. 
The sputtering parameters in this investigation (including 
the argon pressure, the power rates of sputtering guns and the 
targets-to-substrate distance) were chosen to produce films 
with maximum coercivity. The thickness of each film was 
calculated by measuring the mass gain upon deposition and 
by low-angle X-ray diffraction. 
The as-deposited films were then heat treated in various 
processes including rapid thermal annealing (RTA). In this 
process, heating and cooling rates up to 100 Ws were 
employed. Details of the preparation conditions can be found 
in our previous publications [ll-151. 
Magnetization loops were measured by an alternating 
gradient force magnetometer (AGFM) and a superconducting 
quantum interference device (SQUID) magnetometer. 
Nanostructure of the films was observed by a transmission 
electronic microscope (TEM). X-ray diffraction (XRD) and 
energy dispersive x-ray spectroscopy (EDX) have been used 
to identify the phase structures of the sample. Magnetic force 
microscopy (MFM) and atomic force microscopy (AFM) 
were used to observe the domain structures and the surface 
morphology. 
111. RESULTS AND DISCUSSION 
A.  Magnetic Hardening in the Nanocomposites 
The as-deposited films generally behaved like soft 
magnetic materials except for SmCo,,,/Co in which coercivity 
up to 1 kOe was measured after the deposition. The soft 
magnetic behavior for PrCo,.,/Co multilayers can be 
attributed to the fact that the as-deposited films have 
amorphous structure. For the iron-platinum system, the 
multilayers were deposited by sputtering alternatively the Fe 
layers and the Pt layers onto the substrates at room 
temperature. Subsequent heat treatment was necessary to 
form the magnetically hard phase, the equal-atomic L1, (fct) 
FePt phase. 
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Magnetic hardening was realized upon annealing for all 
the systems under investigation. By choosing carefully the 
annealing time and temperature, coercivity up to 20 kOe in 
the FePt-Fe,Pt,.,(x-0.7) and PrCo,,-Co systems was 
developed [I 1,131. In SmCo,-CO systems, huge coercivity 
(>40 kOe) has been obtained [15]. 
As reported by other groups, there is a trade-off between 
the magnetization and coercivity in the hard-soft-phase 
composites. We also observed this phenomenon. Figure 1 
shows H, and M, measured as functions of the CO layer 
thickness in the PrCo,,-Co system. 
12, 11 
4-5 
CO layer thickness  (nm) 
Fig. 1. Dependencies of coercivity and the saturation on CO layer 
thichess in the film (PrCo28ndCo x nm)x8 (annealed at 500°C). 
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F i g 2  Hysteresis loops of the heat treated multilyers with saucture 
(PrCo30 n d C o x  nm)xlO. In figure a, x = 1 Inm, in b, x = IO nm, 
c, x = 8 nm and in d, x = 5 nm. The magnetization was measured 
with the field in the film plane. 
It is noteworthy that we have found that there is a 
correlation between the coercivity mechanism and the soft 
phase fraction in the composite. Figure 2 shows the initial 
magnetization curves and the hysteresis loops of the PrCo3.,- 
CO samples with different CO fractions. A commonly 
accepted interpretation of the initial curves (virgin curves) is 
that steep curves, as for sample (a), indicate a nucleation-type 
mechanism of coercivity; whereas curves as for sample d, are 
typical for wall-pinning controlled reversal. That may be 
because softer phase in the composite provides more 
nucleation sites for the reversed domains. However, in case 
of nanoscale morphology, one may need to consider 
interaction domains [16,17], because simple nucleation and 
pinning models may not be completely adequate for 
describing the coercivity mechanism in nanocomposite 
magnets. As we can see from Fig. 3, the domaimize (-200 
nm) is ahout ten times bigger than the grain size (-20 nm). 
This is a common phenomenon in all the systems 
investigated. A study of the details of the coercivity 
mechanism is underway. Though not yet fully understood, it 
can he still concluded from Fig. 2 that the CO phase fraction 
in the annealed samples has changed 
reversal processes. 
the magnetization- 
Fig. 3 The AFM (a) and MFM (b) images of a (PrC030 n d C o l  I nm)xIO 
sample with heat treatment at 500°C. 
B. Nanostructure Analysis 
It is not difficult to understand that there are only three 
possible two-dimensional morphological configurations for a 
homogenous two-phase composite, as shown schematically in 
Fig. 4. 
Skomski and Coey [XI have shown that to reach effective 
exchange coupling, the dimension of the soft phase should 
not be bigger than twice the domain-wall thickness of the 
hard phases. By “dimension” here we mean either the grain 
size in case Fig. 4 (b) or the shortest distance between two 
adjacent grains which are embedded in the matrix phases, m 
case (a) or (c). Though theoretical calculations did not give a 
topological limitation to the hard phase, the dimension of the 
hard phase also should be small in order to increase the 
fraction of the soft phase to raise the remanent magnetization. 
Fig J ‘fhrce pomblc t%o.dimensional configuration, ofa rwo-ph3sc 
composite (a) ilte light phase embedded in the dark phase, (b) iwo phase. 
n i ih  :omparable grdin w e ;  (c) ihs dark phase cmbeddcd in llie light phase 
Another important point is that, in order to create a 
texture in the composite which is of vital importance for a 
permanent magnet, a configuration with small soft-phase 
grains distributed homogeneously in the hard pharr is ideal. 
Though die reversed picture was fust suggested in Ref. [7], 
ow experimental results and theoretical consideration have 
proved that a composite with soft-phase matrix will not work 
as good as the reversed configuration. The reason is that only 
in the case that soft-phase grains are distributed in hard-phase 
matrix, can significant magnetic anisotropy and high 
coercivity of the conipoPite be achieved. If we had the 
reversed situation, i.e., small hard-phase grains are dismbuted 
in the matrix of the soft phase, it would be very hard to align 
all the small hard-phase grains. Exceptional situation may 
happen when perfect grain-boundary coherence exists 
between the hard and soft phases and the crystalline 
orientation of all hard phase grains is same. Even m [his 
perfect case, it would also be very difficult to ensure that the 
dimension of the soft phase is under the cntical length for 
eiftctive intergrain exchange coupling. The juxtaposition of 
grains of soft phases to hard-phase grains IS also guaranteed 
when the soft-phase grains are embedded in the hard matrix. 
This is also essential for the intergrain exchange coupling. 
40 -40 20 0 20 40 SO 
H (kOe) 
Fig 5. Hysteresis loops of the annealed (Fe 2 1 n d t  1 5 nm)xl6 sample 
measured in differenf direchans. Platted on the abscissa is the applied field 
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Here we can answer the question regarding why high 
energy products have not yet been achieved m mechanically 
alloyed and melt-spun composites. The reasons may be 
among the following: (1) The grain size was not small 
enough (smallest size reported thus far was still bigger than 
the cntical length); (2) The grains of the two phases did not 
contact each other sufficiently (distribution was not 
homogenous enough); (3) all the samples were magnetically 
isotropic (no texture was achieved). 
Fig. 6 TEM bright-field image (upper part) and high resolution TEM image 
(lower part) of a heat treated sample, The “white grains” with diameter less 
than io  nm ate fcc phase which are embedded in the FePt matiix p i n s  with 
lateral grain size fram 50 to 100 nm. 
These problems have been solved in ow experiment on 
the FePt-Fei.,PL(x-0.3) system. Figure 6 shows the 
nanostructure of a sample with energy product 52.8 MGOe. 
The hysteresis loops are shown in Fig. 5 .  Very small grain 
size of the fcc soft phase in the range from 5-8 nm was 
obtained after the RTA treatment. The EDX spectroscopy has 
shown that the composition of this fcc phase was Fe,.& (x - 
0.3) that is close to the Fe,Pt phase. In the tetragonal FePt 
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phase, the wall thickness is about 4 nm [18], which means 
that the grain size of the soft phase in the exchange-coupled XRD, TEM and EDX have been used to identify the 
FePt system should he smaller than 8 nm. The fine soft-phase crystal Structures ofthe phases in the nanocomposites studied. 
grains were embedded in the matrix of the fct hard phase with In the PrCo,-Co and SmCo,-Co systems, the hcp CO phase 
grain size in the range of 50-100 nm. The hard-phase grains was detected in the heat-treated samples. Figure 7 shows the 
were connected to each other all over the sample, which EDX spectra of a PrCo,-Co sample measured in two adjacent 
made it possible for an out-of-plane anisotropy. We noticed grains. One is the matrix grain (a) and another is the soft- 
that in single phase FePt films, the as-deposited films had phase grain @). Except for Cr peaks that are from the cover 
(1 I I )  texture (with (1 11) normal to the film plane). If layer and under layer, and a trace of Si and C which may be 
annealing temperature was higher than 5oooc, the orientation from the substrate and the contamination during the specimen 
became (OOl), i.e. perpendicular anisotropy (easy Preparation, in (a) we detected CO and Pr elements, and in (b) 
magnetization direction of the fct phase is (001)). In the case we Only detected that there are two 
of the nanocomposite, the situation was complicated phases, the hard PrCo, phase and soft CO phase existing in 
and determination of the texture was more difficult. However, the 
we observed similar change in anisotropy from in-plane ‘to Crystal structures of the hard phases in PrCo,-CO and 
out-of-p~ane with increasing annealing SmCo,-Co systems were found to be different from those in 
Therefore it is clear that the out-of-plane anisotropy was not bulk samples [ W I .  In the SmCo,,,-Co system, high- 
caused by the film growth preference but was developed after 
sufficient annealing. If the hard phase were not connected all phase SmCo3 with the structure. The IeaSon 
over the sample, the texture hardly could have been achieved, remains to be 
as we discussed above. In the iron-platinum system, unexpectedly, no pure iron 
the p r ~ o , - ~ o  and s ~ c ~ , - c ~ ,  nanostructures with he phase was found but the fcc Fe,.& with x-0.3, as mentioned 
type shown in Fig. 4(b) were obtained. When the soft-phase above. 
portion in the composites was small (resulting from the thin The simplest way to see if there is an intergrain exchange 
CO layers in the multilayers), the grain size of the soft phase Coupling in a composite Sample is through the hysteresis 
was naturally smaller than the hard-phase grains, However, looPS. The ratio of the remanence and the saturation (MJM,) 
different from the iron-platinum samples, CO grains were higher than 0.5 is a sign of exchange coupling. 
found only in the grain boundaries. Because the grain size 
was well controlled, energy products above 20 MGOe were 
achieved [12,15]. These two systems showed in-plane 
anisotropy (in the film plane), which may be related to the 
grain orientation formed during film growth. For PrCo,-Co 
samples, the as-deposited films were amorphous. The 
crystalline planes were formed during the subsequent heat 
treatment. Detailed investigation on the anisotropy of the 
samarium- cobalt and praseodymium-cobalt is underway. 
C. Intergrain Exchange Coupling 
This shows 
No third Phase was found. 
TEM showed the hard phase to be a 
-m- ~ ~ m a n e n c 8  u m  
. t m  mo .Em0 4ow -2wo 0 
H (W 
Fig. 8.  The demagnetizing curve and the remanence curve 
of an annealed sample (PrCo 3hmiCo 8nm)xlO. 
Another way is to measure the “exchange spring” 
behavior. We measured the M, vs. H (magnetic field) curves. 
Here M, is different from the remanent magnetization M,. M, 
is only one value at H = 0 when external magnetic field 
decreases from the first quadrant. M, can have different 
values at H = 0 when opposite fields release from different 
points in the second quadrant. Figure 8 shows an example. 
When the M, vs. H curve is flat, it indicates that M, does not 
change, which means that the moment of the soft phase 
These measurements should of course be combined with 
the nanostructure observations discussed above. It has been 
found in our experiments that when the soft-phase grain size 
extensively exceeded the critical length, the exchange 
I 8 . 8  , , I  0 2 4 II 8 1 1  switched back after the external field vanished. .* .I 
Fig. I .  EDX spectra of a heat treated PCo,-CO film. (a) from the matrix 
grain and (b) from the second phase grain. 
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Other multi-step treatments were also tested, giving even 
better results. A detailed study is still underway. 
Another effect on the exchange coupling is the grain 
boundary conditions. In view of metallurgical processes, 
more sufficient annealing leads to “cleaner” grain boundaries. 
By “cleaner” we mean less defects, less distortion and more 
coherent. As we have seen, this change helps the intergrain 
exchange coupling. The ’ influence of grain-boundary 
coherence can be also seen from the effect of additional 
elements in the soft phases. When CO was added to the FePt- 
Fe,.,Pt, samples, the coercivity dropped. Similar situation was 
found when Fe was added to the PrCo,-Co and SmCo,-CO 
systems. We speculate that the additions have degraded the 
grain-boundary coherence. The above experimental 
observations are consistent with our recent theoretical studies 
[19,20]. 
coupling failed, showing in the loops with pronounced kinks 
(shoulders) around H = 0, which indicates that the soft phases 
did not switch together with the hard phases. 
A multi-step heat treatment has been adopted to improve 
the situation., Figure 9 shows the loops of the SmCo,-Co 
sample treated with different procedures: (a) RTA at 500°C 
for 20 seconds, (b) anneal at S O O T  for 20 minutes, and (c)  a 
combination of (a) plus (b). 
i 
E c 
-2 
Fig. 9 The SmCo films treated with different processes. 
(a) 500T RTA; (b) 500T 20 min. anneal and (c) treatment 
(a) plus (b). 
It can be seen clearly from Fig.9 that the two-step 
treatment led to the most effective intergrain exchange 
coupling (with smallest kinks on the loop). Loop (c) is only a 
minor loop because our measurement field could only be 
applied up to 55 kOe. If we can measure this sample to higher 
field, the difference between loop (c) and (b) will be more 
obvious. It turned out in our experiments that no single-step 
treatment could lead to as good result as the two-step one. 
This is because if the as-deposited sample were treated with 
standard annealing directly, it could cause excessive grain 
growth. This would destroy the intergrain exchange coupling. 
However, sufficient annealing was necessary for high 
coercivity. To solve this dilemma, a special rapid thermal 
annealing process was first applied to the samples. In this 
process, annealing at above SOOT can be done in 5 seconds; 
the heating rate can be about 200°C per second. 
We applied this two-step treatment to all the systems 
under investigation. It gave good results for most samples. 
IV. SUMMARY 
By sputtering and proper heat treatment, FePt-Fe,.,Pt,, 
PrCo,-Co and SmCo,-Co composite films with high energy 
product up to 50 MGOe have been successfully produced. 
For the first time we obtained a nearly ideal nanostructure of 
the composite FePt-Fe,.,Pt,, with the soft-phase grains under 
the critical size homogeneously embedded in the matrix of 
the hard phase. This turns out to be the best nanostructure 
type for effective intergrain exchange coupling. The 
intergrain exchange coupling has also been observed in the 
nanostructures of the systems PrCo,-CO and SmCo,-Co in 
which the grain size was well controlled. It has been 
suggested that the grain boundary conditions play an 
important role in the exchange coupling. 
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